Thioglycolic acid (TGA) stabilized aqueous CdTe Quantum dots (QDs) were synthesized using a facile, cost efficient Single Injection Hydrothermal (SIH) method. The complete preparation of precursors and growth of QDs was carried out in the ambient environment without inter gas protection. The Cadmium and Tellurium precursors were prepared from cadmium nitrate and elemental tellurium powder with sodium borohydride as reducing agent respectively. A systematic investigation was carried out in order to study the effect of 0.04M and 0.08M TGA concentration on ease synthesis, stability and size-tunable optical absorbance, bandgap, photoluminescence (PL) and Quantum yield (QY) of CdTe QDs. The Structure of QDs was verified by XRD and optical properties by absorbance and PL spectra. Experimental results revealed that the 0.08M TGA QDs possess good chemical and optical stability with high luminescence and decent QY, ready to use in optoelectronics, photovoltaic and biological application.
Among various protocols developed to synthesize different sized, shaped QDs in past few decades, 'colloid synthesis' is significant. This is also referred as 'arrested precipitation of QDs-ligand complex' in which inorganic core is stabilized by a layer of organic ligand shell. The properties of the QDs not only dependents on the inorganic core material but also on the organic ligand shell chosen; as the stability, nature and interaction of QDs mainly depend on the binding between ligand and surface atoms of core material [11e16] . This colloidal QDs synthesis is further classified as organometallic and aqueous synthesis. The former exhibits the strength of high QY with mono-sized QDs, but also some weaknesses like they required sophisticated and expensive equipment and laborites [10, 16, 17] . Further, the syntheses take place at high temperature and QDs should be pretreated to make it biocompatible, this process reduces the QY. Whereas, the later one is carried out at low temperature and are water soluble, hence biocompatible.
Aqueous synthesis can be further divided on the basis of synthesis method and Te precursor used. Among several methods microwave irradiation, electrochemical, illumination, ultrasound, and hydrothermal route [18e24] are prominent. All through all these techniques are efficient hydrothermal route is the simplest with least instrument required. Among Te Precursor Al 2 Te 3 [25e28], NaTeO 3 , TeO 2 [23, 24] , Te (as an electrode) and elemental Te powder [20,29e31] are the important sources, all sources are expensive except elemental tellurium and also requires a complex instrument to handle them. But, Te precursor using Te is prepared in an inert atmosphere to prevent oxidation of Te, this increases the cost of reaction. Hence it was felt worth to go through the hydrothermal synthesis procedure and develop a simple, convenient and cost-effective method to produce mono-sized QDs with good QY. For achieving this, selecting of the ligand also plays a very vital role, which impact on quality, optical and electrical properties, solubility and interaction of QDs with other materials [11e16] . Therefore, TGA was chosen this is a short, straight chained, water soluble stabilizing agent, with required steric hindrance helping to prevent aggregations of QDs and to passivate QDs surface, improving PL emission and interaction with the environment [31e33]. Hence, in the present investigation, we have developed a facile single injection hydrothermal method to synthesize TGA-capped CdTe QDs using element Te powder as Te precursor, preventing oxidation of Te in the complete ambient environment. Further TGA concentration-dependent chemical reaction and optical properties are studied in detail and analyzed.
Experimental details

Materials
Cadmium nitrate tetrahydrate (Cd(NO 3 ) 2 4H 2 O, 98%, Sigma-Aldrich) as cadmium precursor, Tellurium powder (Te, À200 mesh, 99.8%, Aldrich) and Sodium Borohydride (NaBH 4 , 98%, Aldrich) as Te source and reducing agents respectively, Thioglycolic acid (TGA, C 2 H 4 O 2 S, 99%, Sd fine chem. Limited) as stabilizer and Sodium hydroxide (NaOH, Spectrochem) to maintain pH, solvent -distilled water were used for the synthesis of TGA-capped CdTe QDs, all chemical were used as procured without further purification.
Synthesis of TGA-capped CdTe QDs
TGA-capped CdTe QDs were synthesized in two different concentration of TGA to Cd ratio, using SIH method in the complete ambient atmosphere. The detailed synthesis procedure is given in our previews work MPA-capped CdTe QDs [3] and a brief synthesis protocol is described in this paper. The synthesis process consists of three parts. First: preparation of TGAcapped Cd precursor. Second: synthesis of Te precursor, NaHTe preventing oxidation of Te. Finally, the growth of TGA-capped CdTe QDs. TGA-capped Cd precursor is prepared in two different ratio of TGA to Cd that is 1:1 and 2:1 ratio, with Molarity of 0.04M: 0.04M and 0.08M: 0.04M respectively for TGA and Cd.
Cd precursor: To start with, 5 ml of 0.04M TGA solution is added to 10 ml of distilled water and stirred for 10mintues. To this 5 ml of 0.04M Cd solution is added and stirred for 10mintues. Followed by adjusting the pH of the solution to 10 using 1M NaOH. The pH of the solution changes for acidic to basic, with a visible change in color from a clear solution to cloudy white (Equation (1)) and back to clear solution (Equation (2)). This clear Cd precursor is stirred until NaHTe is ready.
Te precursor: NaHTe is prepared by reducing elemental Te powder using NaBH 4 as reducing agent, Te to NaBH 4 were taken in ratio 1:2.5 respectively, this high ratio of NaBH 4 help in fast reduction of Te power. First, 5 ml of 0.2M NaBH 4 is taken in a conical flask to this 5 ml of distilled water and 0.08M equivalent Te powder is added. The conical flask is capped tightly, and then few small vent holes are made for H 2 gas liberation. The flask is well shaken and kept in preheated water bath (90 C). Here oxidation of Te in ambient is prevented by insult generated H 2 gas, which intern reduces the oxygen inside the conical flask. Further, NaHTe formation can be seen from the change in color from dark black solution to clear solution with the liberation of H 2 gas Equation (3) [3] . Then from a clear solution to dark pink color, at this stage 2 ml (of 10 ml) NaHTe is injected to Cd precursor.
The Cd solution turns to a golden color indicating the formation of CdTe monomers. This solution is stirred at room temperature for 10mintues and then at 90 C. Finally, TGA-capped CdTe QDs aliquots are collected at different intervals of reflux time and analyzed. Similarly, TGA-capped CdTe QDs with TGA Molarity of 0.08M was prepared, keeping all other parameters same. The increase of TGA concentration helps in balancing the pH easily and also prevents the formation of white turbulences while heated. However, this white turbulence in 1:1 ratio of TGA: Cd can be retrieved by reducing the pH of the solution back to 10pH. The higher pH of solution helps in fast growth of QDs and hence in this experiment the pH was maintained at 10. The growth of TGA-capped CdTe QDs is depicted using Equations (4) and (5) and its schematic is as shown in Fig. 1 .
From the synthesized solution, QDs powder was extracted by precipitating using acetone. Further purified using methanol, to remove the un-reacted chemicals with repeated wash and the final precipitate was centrifuged and vacuum dried. This purified QDs powder was used for other characterization.
Instruments used for characterizations
Synthesized CdTe QDs were characterized for structural and optical properties. QDs structure was studied by XRD (Rigaku smart lab XRD system) in 2Ɵ range 20 e70 with a step size of 0.002 . Optical absorbance and transmittance of CdTe QDs solution were measured using UVeViseNIR spectrophotometer (Ocean optics USB 4000) and PL by LabRAM HR spectrometer and quantum yield was calculated with respect to Rhodamine B (considering QY ¼ 100%) with an excitation wavelength of 430 nm and absorbance was kept below 0.1 for all the samples.
Results and discussion
CdTe QDs growth process can be explained in three stages. Fig. 2 ). In OR stage the small sized QDs have greater solubility than the large sized QDs, due to high Gibbs energy, which intern results in decomposition of same sized QDs. Further, this OR stage results in stable crystal with reduced total Gibbs energy. But, the QDs size grows in slow phase, increasing the reaction time to obtain large-sized QDs.
XRD analysis
Powder XRD of the synthesized TGA CdTe Quantum dots is depicted in Fig. 3 . The diffraction peaks match with the JCPDS card number 75e2086 of CdTe and 2q peaks at 24 is assigned to 111 planes. The inter-planer spacing (d) between the atoms is determined using Bragg's Law [34] 2d sinq ¼ nl; where n ¼ 1 and l ¼ 1.5418 Å wavelength of Cuka at 2q ¼ 24 and d was found to be 3.7 Å. Further the lattice spacing (a) were determined using equation for cubic structure; a 2 ¼ ðh 2 þ k 2 þ l 2 Þd 2 where h k l are the lattice plane values, and in the present state hkl is 111 and the calculated a ¼~6.42 Å which agrees with JCPDS card number 75e2086. There is no trace of oxidation of Te in diffraction pattern and hence the ambient synthesis protocol could be used for large scale synthesis.
Optical properties
The optical property is one of the significant properties used to determine the optical band gap and size of QDs. Optical absorbance and transmittance directly show the range of wavelength QDs absorb. Fig. 4(a) show the absorption spectra of the 0.04M TGA concentration CdTe QDs aliquots collected at 15, 30, 60, 90 and 150 min. The absorption spectra show wellresolved absorption peaks indicating first allowed electronic transition from 1s holes to 1s electron band state (e1h1). The absorption peaks have blue shifted with respect to bulk CdTe absorption peak due to quantum confinement effect. The absorption peak of aliquot collected at 15min reflux time as red shifted from 490 nm to 540 nm as reflux time as increased to 150 min. Implying that the QDs as grown with the increase in reflux time. The high intensity of absorption peaks with narrow full-width half maximum depicts that, the size distribution of synthesized QDs are highly uniform. In addition, the absorption spectrum confirms that the synthesized QDs absorb a wide range of incident energy from 200 nm to 600 nm.
Similarly Fig. 4(b) shows the absorption spectra of 0.08M QDs aliquots collected at 30, 70, 110, 200, 300 and 500 min reflux time. The trend is similar to 0.04M QDs, with absorption peaks blue shifted with respect to bulk CdTe absorption peak and QDs collected at 500 min have red shifted with respect to 30 min QDs showing the QDs size has grown as reflux time as increased. However, absorption range as increased compared to 0.04M QDs to 650 nm. Further, the shifts in absorption peak position show a fast shift at the initial stage of the reaction and slow shift later on. This is mainly due to the growth process, as at early stage Cd 2þ and Te 2À ions are more resulting in fast nucleation and as they deplete QDs growth rate reduces and here after QDs growth take place due to Ostwald ripening process. This QDs growth process is true to both concentrations of TGA QDs. Even when the slow growth rate in 0.08M can be seen compared to 0.04M TGA-capped QDs, due to strong binding of TGA on to Cadmium surface. But, 0.08M QDs were stable in the solution whereas 0.04M QDs were not and practically it's difficult to maintain pH constant in 0.04M concentration than in 0.08M concentration QDs.
The transmittance spectra of sample collected at different reflux time is shown in Fig. 5(a) and (b) corresponding to 0.04M and 0.08M QDs. Both transmittance spectra show a transmission edge has red shifted as reflux time as increased due to increases in QDs size. Further, the spectrums show two transmission edges, depicting that the QDs are strongly confined resulting in clear multiple bands, therefore QDs results in multiple band gap energy. The synthesized QDs show transmittance above 90% above 550 nm wavelength for aliquot collected at 15 min reflux time and this as red shifted to above 600 nm wavelength for aliquot collected at 150 min.
CdTe QDs of 0.04M concentration show high energy transmittance edge shifting from 426 nm to 493 nm, correspondingly low energy transmittance edge as red shifted from 535 nm to 600 nm, as reflux time increased from 15 to 150 min. In similar manner high energy transmittance edge shift from 390 to 515 nm and lower edge from 509 to 654 nm for reflux time 30 to 500 min in 0.08M QDs. Also, high energy transmittance edge intensity has decreased as reflux time as increased in both spectra, clearly showing the incident photons are absorbed faster with increases in QDs size. The maximum transmittance above 550 nm in 0.04M QDs as decreases from 100% to 90% as reflux time as increased from 15 to 150 min, this effect was mainly due to increases in white turbulences appearing in 0.04M QDs solution as reflux time increased. This turbulence was clear indication that 1:1 ratio taken for TGA: Cd was insufficient to bind all Cd by TGA, whereas in 0.08M QDs the maximum transmittance is almost constant for all aliquot implying that 2:1 ratio of TGA to Cd was an effective ratio to bind Cd 2þ /CdTe monomers with TGA.
Photoluminescence properties
Photoluminescence spectra of TGA-capped CdTe QDs are shown in Fig. 6 (a) and (b) respectively for 0.04M and 0.08 TGA concentrations. For 0.04M concentration PL peak as shifter from 521.5 to 563.4 nm, corresponding absorption peaks were 490 and 540 nm respectively for aliquots collected at 15 to 150 min (details in Table 1 ). Similarly, for 0.08M, PL peaks as red shifted from 517.8 to 613.8 nm, corresponding absorption peaks were 462 and 562 nm, respectively for aliquots collected at 30 to 500 min (details in Table 2 ). The red shift in PL peaks is clearly due to the growth of QDs, also the PL peak shift with respect to reflux time proves that QDs size grows in fast phase in nucleation stage and then slow growth in OR process. Fig. 6(c) shows the second PL emission of 0.08M CdTe QDs, all sized QDs shows peak at 858 nm, which is due to the emission from second inter band transition and this also confirms the strong confinement of the synthesized QDs.
The full-width half-maximum (FWHM) of the PL peak as subsequently increased from 36 to 45 nm correspondingly for 15e150min reflux time in 0.04M QDs. In 0.08M QDs, FWHM has increased from 38.6 to 65 nm respectively for 30e500 min refluxed QDs. This increase in FWHM of the PL peaks is due to change in QDs size distribution. Size distribution of QDs depends on the synthesis process, at the initial stage of the synthesis, fast nucleation takes places due to which size distribution of QDs is narrow (less) and as a monomer of Cd 2þ and Te 2À is depleting the OR process increases resulting in broad size distribution and hence increases in FWHM. The absorption peak, PL peak, FWHM, QY and shift in PL peak with respect to absorption peak for QDs collected at different reflux times, respectively for 0.04Me0.08M TGA-capped CdTe QDs have been presented in Tables 1 and 2 . Quantum yield was calculated using relative measuring method comparing the intensity of the standard sample with an unknown sample, QY of the QDs was obtained comparing it to the standard Rhodamine B sample using the equation given below.
where, QY st and QY x is quantum yield, A st and A x is absorbance at excitation wavelength which was kept below 0.1 for all the sample, F x and F st is area of emission spectrum, n x and n st is refractive index of the solvent (solvent used were ethanol with n st ¼ 1:3661 for standard and water with n x ¼ 1:3329 for QDs) used of standard sample (st) and unknown (x-QDs in current case) respectively. To a certain point, QY as increased and again decreased. This variation is mainly related to growth process and hence related to surface defect and size distribution of QDs. At fast nucleation stage, surface defects in QDs are high. Hence, leads to shifting in PL peak corresponding to absorption peak, as PL emission takes place from defects state of QDs. Decrease in QY is also due to the initial stage of formation of CdTe monomers, where the monomer is high compared to QDs grown resulting in less chemical yield and intern less QY. As the reflux time increases, the surface defects of nanocrystal decreases due to annealing effect, resulting in less shift in PL peak with respect to absorption peak, meanwhile nucleation process reduces due to a reduction in monomer concentration and OR process begins. Hence at equilibrium of nucleation and OR process with reduced surface defects, QYs reaches the highest. One's OR process overtakes nucleation process it again results in increases in the size distribution of QDs, which intern results in a higher shift in the PL peak positions, as multiple sized QDs emit in different position resulting in broadening in PL peak and hence QY also reduces. Furthermore, even when all explanation mentioned earlier holds good for both the concentration, the QY of 0.04M is very less compared to 0.08M QDs, this was due to less stability of the formed CdTe monomer due to lack of TGA concentration to bind them completely. These QDs with decent QY are most suitable for many PL applications.
Optical band gap TGA-capped CdTe QDs
Band gap is one of an important parameter which shows the effect of confinement. The optical band gap energy is obtained from Tauc's plot [35] (Equation (6))
where 'A' is optical constant, 'hv' is the incident photon energy, 'E g ' is optical band gap energy, m is a constant which depends on the type of transition and it takes values, 1/2, 3/2, 2, 3 respectively for direct allowed, direct forbidden, indirect allowed and indirect forbidden transitions. 'a' is the optical absorption coefficient determined using Equation (7).
where T is transmittance and t is the path length in which incident light pass in the solution. For CdTe QDs m ¼ 1/2 as CdTe is direct band transition material. Optical band gap (E g ) is defined as the minimum energy required to excite electrons from the valence band to conduction band of the materials. To determine E g , the linear region of the Tauc's plot {ðahvÞ 2 vs. hv } is extrapolated to meet x axis ðhvÞ that is ðahvÞ 2 ¼ 0 or hv ¼ E g . In bulk materials, the band gap is equal to the energy separation between valence and conduction band edges and hence a single band gap. However in QDs due to quantum confinement effect the valence and conduction band had been sub divided and results in distinct energy levels and hence multiple band gaps can be found in Tauc's plot. Fig. 7 (a) depicts the high energy band gap of 0.04M QDs and it as red shifted from 3.72 to 2.69eV, correspondingly Fig. 7 (b) show the low energy band gap of 0.04M QDs and it as decreased from 2.36 to 2.11eV respectively for 15e150 min QDs aliquots. Similarly Fig. 8(a, b) shows band gap of 0.08M QDs, the high energy band gap as decreased from 3.8 to 2.6eV, with low energy band gap from 2.5 to 1.97eV respectively for 30 to 500mintues QDs samples. Band gap achieved in 0.08M QDs is less than 0.04M QDs, indicating that the QDs size as grown more in 0.08M concentration, intern reduced quantum confinement energy hence the band gap is moving toward bulk band gap as shown in Fig. 9 .
Calculation of TGA-capped CdTe QDs size
The size of the CdTe QDs is obtained using Brus equation (Equation (8)) [1] , which is rearranged (Equation (9)) to express the size of the QDs in terms of the bandgap. 
where: r is Radius of QDs (nm), E The largest size obtained is still under Bohr exciton radius (a ex ) of CdTe (a ex ¼~7.3 nm) [2] , hence all the QDs are well under strong quantum confinement regime (R ≪ a ex ). The obtained QDs radius was used in brus equation and the next allowed transition band energy was calculated using Equation (10) and compared with the measured band gap. 
where, a nl is the dimensionless series that takes discrete values. For the lowest allowed interband transition a 10 ¼ p that is from 1s hole to 1s electron states (Equation (8) Fig. 10 a and b clearly depicts that as QDs size increases the band gap decreases, implies that as reflux time as increased size of QDs as grown, resulting in reduced quantum confinement and hence decreased band gap moving towards bulk band gap. Also, 0.08M concentration as large size QDs indicating that it is the preferred concentration then 0.04M to obtain a wide range of QDs. All the achieved QDs properties can be used in many applications, mainly its tunable band gap can be used in multi-layered stacked solar cells and space grade solar cells to achieve high efficiency, PL properties can be used in biological applications and LED. Moreover, QDs can also be used in traditional filters and detectors.
Conclusions
High-quality water soluble TGA stabilized CdTe Quantum dots have been synthesized successfully through a single injection hydrothermal method in complete ambient environment preventing oxidation of elemental Te powder as Tellurium precursors. The growth starts with fast nucleation and then follows with slow OR process, this mechanism and its effects on other properties are clearly analyzed. The XRD spectrum confirmed the synthesized QDs are CdTe in cubic zinc blend structure oriented along 111 planes. The QDs optical properties give insight into the importance of the concentration of the capping agent and its influence on other properties, due to the interaction between capping ligand and the core (CdTe) of QDs. Further, the optical spectrum studies confirm that 0.08M TGA concentration is strong enough in stabilizing the QDs and results in high QY, whereas, at low TGA concentration (0.04M) the capping was insufficient and leads to white turbulence and precipitation leading to low QY. Also, 0.08M TGA QDs had wide PL emission window covering most of the visible spectrum. The band gap of the synthesized QDs is well confined resulting multiple band energy and ranging from 3.8 to 1.97eV. Hence, the proposed QDs synthesis protocol can be upscaled for industrial production and can clearly be used in the vast application of optoelectronic, photovoltaic and biological applications.
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